Road right-of-way can provide a good retrofit opportunity to implement stormwater low impact development (LID) technologies.
Introduction
Road reconstruction or sewer replacement, continuously being done in municipalities, can provide an opportunity to implement LID at existing urbanized area. An innovative LID technology, termed the Etobicoke Exfiltration System (EES), was developed and implemented in Etobicoke, Toronto >20 y ago. Conceived to reproduce the infiltration and groundwater recharge of rainfall prior to urbanization, the EES consisted of two 200 mm perforated PVC pipes which were installed below the storm sewer as the road was reconstructed (Figure 1 ).
Figure 1 Concept of Etobicoke exfiltration system.
Both the perforated pipes and the storm sewer were encased in a granular stone trench. The perforated pipes are connected to both the upstream and downstream manholes below the storm sewers. At the downstream manhole, mechanical plugs were installed at the exfiltration pipes. Thus the exfiltration pipes were storage systems instead of conveyance systems. During a storm event, storm runoff from the upstream manhole enters the two perforated pipes and then exfiltrates firstly to the stone trench and subsequently to the surrounding soil. In order to prevent the perforated pipes and stone trench from clogging, sediment intrusion, or loss of granular materials, both the perforated pipes and the stone trench were wrapped with a filter fabric.
For large storm events, the runoff may exceed the exfiltration volume and the storage capacity of the perforated pipes and stone trench, resulting in an overflow to the storm sewer at the upstream manhole. Since EES was situated below the storm sewer (usually below the frost line in Canada), it would not be frozen in winter and early spring and continues to work during snowmelts throughout winter and early spring.
A demonstration project of 2.5 km of EES was implemented in 1993 at two existing residential areas and found to be effective in reducing storm runoff of up to 63 mm (18 h) of rainfall events. This paper presents the planning and design criteria, construction and maintenance, performance evaluation, and costs of EES based on the Etobicoke application. Although EES was constructed and monitored ~20 y ago (the only one in the world), the planning and design procedure was never summarized until the recent development of a planning and design manual by Li and Tran (2015) .
Recent research works (Liu 2015) at Ryerson University, Toronto indicate that EES could potentially eliminate the requirement of stormwater quality ponds for new residential developments in Ontario. As a result, this paper contributes to the first knowledge transfer of EES and the future stormwater management across Canada. 
Planning

Stormwater Management Objectives
Suitability Screening
A two step screening procedure has been developed for the EES (Li and Tran 2015) . The first step comprises the following most critical screening questions:
1. Is a water supply aquifer absent at the site of interest (reduced ground water contamination)? 2. Is the site of interest a low density residential area (less polluted runoff )? 3. Is the site of interest served by local roads (reduced spill potential by industrial trucks and structural consideration of perforated pipes)? 4. Is the ground water table below the invert of the exfiltration pipes? All of the first step questions must be answered affirmatively without exception in order to continue to the second step. Regarding question 4, the EES can still be considered suitable even the ground water table is <1 m (typical for infiltration or exfiltration devices) because runoff will be exfiltrated horizontally along the storm sewer trench in addition to vertically downward.
The second step comprises the following secondary screening questions:
1. Are the roads or sewers in poor condition (increased retrofit potential and saved cost)? 2. Is the tree root problem absent at the site of interest (trees with deep roots need relocation to prevent roots from damaging filter cloth and perforated pipes)? 3. Is the required maintenance equipment available at the municipality (reduced long term maintenance cost)? All of the second step questions should be answered affirmatively, either with or without implementation of engineering measures designed to remedy the associated environmental impacts. If there are additional environmental impacts associated with the engineering measures, then the EES is not suitable for the site of interest.
Design
Design Criteria
In order to satisfy the municipal sewer design requirements, the design criteria of EES were selected as follows: storm sewers were sized to convey a typical 2 y or 5 y design storm; and the pipetrench system (the two pipe volumes plus the void space in the trench up to the storm sewer invert level) was designed to store the runoff volume of a 15 mm design storm (corresponding to the 90th percentile of storm event volume in Toronto; the application of EES at other locations should consider their corresponding 90th percentile of storm event volume).
Design Specifications
At the demonstration site, storm sewers were designed using the conventional Rational Method. Using a 1 h Canadian Atmospheric Environment Service (AES) design storm (15 mm rainfall event volume), the corresponding runoff hydrograph from the catchment was simulated using the MIDUSS program (Alan A. Smith Inc. 2009). The geotechnical investigation of the soil at the sites indicated a saturated hydraulic conductivity between 10 −9 m/s and10 −8 m/s (Candaras 1997 ). Thus, it was assumed that the exfiltration volume during the storm event was negligible.
The combined volume of the perforated pipes and the void space of the trench was then sized to accommodate the runoff volume. As a result, each section of EES might be different depending upon the drainage areas. At the demonstration sites (low density residential area), the average runoff volume of a 15 mm AES storm was estimated to be ~5 mm. Figure 2 shows the orientation of the 12 mm orifices while Figure 3 
Construction
Before construction, all necessary erosion and sediment control devices were installed to prevent sediment laden runoff from leaving the construction sites and entering the exfiltration pipes.
The construction procedure of EES is listed below:
1. Excavation of the trench was undertaken using standard construction techniques; 
Maintenance
Post-construction maintenance includes the following.
A Regular Maintenance and Observation Program
A regular observation and maintenance program was conducted at the two demonstration sites. The working conditions of the EES were assessed periodically and after major storm events during the first 2 y. General observations included visual evidence of overflows at the sewer, water marks along the sewer and near manholes, and the integrity of the mechanical plug at the downstream end of the perforated pipes. If a small storm event had caused an overflow or a high water level at the upstream manhole, the EES might be plugged and needed cleaning. If the downstream mechanical plug had been pushed out, a short circuit of flow at that length of perforated pipes might have occurred. Additionally, minor deficiencies such as debris accumulation at catch basins were identified and repaired. Figure 11 shows the upstream and downstream water marks of the 1.3 km storm sewer system. Most of the upstream sections of the sewer had no overflow, indicating the EES had intercepted the runoff completely. In order to assess the sediment accumulation inside the perforated pipes, a video inspection was conducted in both the first and the second year after construction. It was observed ( Figure 12 ) that a small amount of sediment accumulated at the downstream end of the perforated pipes, and some organic materials such as leaves clung to the obvert of the perforated pipes. The concentration of sediments at the downstream end of each section is attributed to the sloping exfiltration pipes (~0.5%) which pushed the sediments downstream. Thus periodic cleaning of the perforated pipes is required. Even if the accumulated sediment is not removed, the upstream section of EES will still exfiltrate runoff to the granular trench. In fact, the EES at the demonstration site has not been cleaned after >20 y and there have been no reports of significant overflows at the site. 
Power Flushing the Perforated Pipes to Remove Accumulated Sediments
Although the sediment accumulated inside the perforated pipes was small, a demonstration of the potential cleaning techniques was conducted 1 y after the construction. The downstream mechanical plugs of an upper section of the EES were first removed and a highly pressurized water flusher was inserted at the downstream end. The flusher discharged pressurized jets of water that scoured the walls of the perforated pipes as it travelled upstream. The accumulated sediments were flushed to the downstream manhole of the section and were then pumped out using a vacuum truck. The sediments were then removed from the water using a treatment truck equipped with a shear drum separator and disposed of offsite.
Since the demonstration, there has been no report of maintenance of the EES at the site. However, this demonstration has served the purpose of showing potential cleanup technologies that can be employed by municipalities. Depending on the sediment accumulation observed, it is recommended that flushing be conducted once the exfiltration pipes are found to be half filled up with sediments. Figure 13 shows the EES performed effectively for the 1994-05-26 event with a rainfall volume of 28.3 mm over 22.5 h. There was hardly any flow at downstream manhole 3 (green hydrograph) of an EES section, indicating the majority of the runoff event (red hydrograph) got captured by the perforated pipes and stone trench. Additionally, the stone filter head at manhole 3 was high compared to that at manhole 2, indicating runoff was trapped downstream at the stone trench. A summary of the monitoring results is shown in Tables 3 and 4. No monitored events caused an overflow to the storm sewer except the largest storm and the last two short duration high intensity storms. It is noted that the large event on 1995-10-05 (63 mm over 18 h) did not cause an overflow until 8 h had elapsed and 50% of the runoff volume occurred, while the smaller events on 1998-06-30 (26.8 mm over 2.5 h) and 1998-09-06 (15.3 mm over 0.75 h) caused overflows. Given enough times for exfiltration (e.g. long duration storms), even very large events (e.g. 63 mm) can be substantially captured by EES. On the other hand, short duration storms can trigger overflow due to high runoff rates compared to the exfiltration rate along the EES. No winter and spring melt events were ever monitored at the demonstration site. Since the EES is below the sewer and the frost line, it should be able to intercept any snowmelt during winter and early spring. Compared to LID on the surface, which may be frozen during winter, EES will offer stormwater management over winter and early spring. Table 5 shows the cost breakdown of the EES at Princess Margaret Street in 1993 dollars. The costs of road, drainage, and EES are 78%, 18%, and 4% respectively. If a stormwater quality pond was used to control the runoff from the site (30.5 hectares), the construction cost would be about $130 000 (about $30/m 3 in 1993 dollars excluding land cost). Compared to the cost of EES ($25 000), a saving of about 80% could be realized. It is noted that the reconstruction of the sewer at Princess Margaret Street involved open cut trenches. If trench boxes were used, the excavation cost might be reduced. Thus the cost saving of EES as a percentage of the total road reconstruction cost may be greater. " 
Performance
Cost
Conclusions
EES is a road right-of-water LID that can capture substantial runoff from small and medium events over four seasons. If it is located in good drainage soil, the captured runoff can be dissipated to the surrounding soil laterally along the storm sewer. It is particularly appropriate for roads or sewers which are scheduled to be rehabilitated because the additional cost (e.g. 4% in the Toronto demonstration site) is relatively small compared to the road or sewer construction costs. While the design of the storm sewer above the EES follows a typical municipal standard, EES can actually reduce the flow to the storm sewer. As a result, the storm sewer can be reduced in size if agreed by a municipality. Ultimately, EES can reduce or even replace any stormwater quality pond downstream. Future works should be done to optimize the design of EES in terms of runoff capture, monitor its performance over winter and early spring seasons, and conduct a full life cycle cost reduction analysis.
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